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A B S T R A C T

Gold mining is one of the major problems of contamination of hydric resources in Colombia, this practice gen-
erates a high impact on water quality due to the accumulation of waste during its process. In this study water
quality was evaluated in five natural stream beds corresponding to four streams with gold mining operations and
one in the Cauca River, taking samples before the water inlet and after the outlet in each operation in the streams
of Dios Te D�e, Tamboral, Piedra Im�an, and Lorenzo affected by artisanal gold mining labor, which drain into the
Salvajina Reservoir on the Cauca River in the municipality of Su�arez Cauca, Colombia. Characterization of water
bodies in the streams was carried out applying contamination indices of Colombia. The IDEAM protocol was used
as guide to monitor the water currents. Samples were taken in 15 stations in the natural stream beds with op-
erations and a sampling station on the Cauca River after the reservoir in these lotic ecosystems, during three
periods; two from 2018 and one from 2019. The range of the contamination indices according to the environ-
mental variables were considered. Results show that the contaminants associated with TSS, TUR, and Hg are high
in the sampling stations in the output of the operations and the sampling stations of the streams with influence on
the operations (T3, T4, I2, I3, D2, and D5). The water quality score according to the ICA IDEAM index varied
between acceptable and regular in the different sampling stations. However the Hg concentration in sampling
station C1 of the Cauca River is due to contributions from the operations in the amalgamation process. This
requires strategic interventions by the communities, miners, operation owners, and control organisms as the
Regional Autonomous Corporation of Cauca (CRC) and the Ministry of Environment and Sustainable Development
(MADS) to minimize the negative impacts on the hydric resource and ecosystemic services associated with this
resource.
1. Introduction

1.1. Artisanal gold mining

Artisanal and small-scale mining continues growing in many rural
communities rich in mineral resources. Recent estimations highlight this
growth, thus: 40.5-million people participated directly in 2017; up to 30-
million in 2014; 13-million in 1999; and 6-million in 1993 (IGF, 2017).
In Colombia, participation in the artisanal gold mining activity has
200000 miners who produce officially 30 tons of Au (Cordy et al., 2011).
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It is considered that gold exploitation, according to recent estimations
release up to 1600 tons of elemental mercury (Hg) per year onto the
planet (Black et al., 2017; Rajaee et al., 2015), inducing the alteration
and affectation of ecosystemic services associated with the supply,
principally of the hydric resource and changes in soil use, removing the
edaphic horizons and depositing the rocky material from mine openings;
residual sludge and sand from the operations are thrown directly into
hydric sources. This rocky and sandy material is formed by mineral
compounds that contain metals, like iron (Fe) in form of (magnetite,
pyrite, and siderite), Manganese (Mn) (pyrolusite, magnesite), chromium
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(Cr) (chromite), cadmium (Cd) (otavite), lead (Pb) (galena, litharge), and
arsenic, (As) (arsenopyrite), among others (Ramanaidou et al., 2015;
Scarpelli, and Horikava, 2018; Guti�erres-Mosquera et al., 2018).

1.2. Mercury and amalgamation

Mercury is found in natural (e.g., volcanoes, soil, and ocean),
degassing, and anthropogenic sources (e.g., industry, fuel, and coal
combustion). Globally, artisanal gold miners are the principal users of
mercury, using and wasting nearly 1000 tons of metallic Hg per year,
which corresponds to >30% of all the Hg used annually by different
industrial applications (See Appendix A) (Swain et al., 2007). Among the
anthropogenic activities, small-scale artisanal gold mining uses Hg for Au
recovery, which has been identified as a source of Hg contamination,
affecting the atmosphere, rivers, and people (PENUMA, 2018; Wade,
2013). For PENUMA (2018), the impact of Hg comes from a broad variety
of sources propitiating due to its characteristics toxicity, mobility, and a
tendency to biomagnification on land and aquatic ecosystems (Horvat,
2002). The artisanal gold mining sector can contribute with approxi-
mately 15% of the total global emissions of Hg (AMAP/UNEP, 2019).
Numerous studies expose that transport of contaminants through the soil
depends on the physical-chemical characteristics of the contaminant,
site, type of soil, soil heterogeneity, geochemistry of the environment,
and moisture content (Reis et al., 2014). Various studies in South
America have reported dramatic Hg contamination of ecosystems in the
proximities of the sites of artisanal gold mining, where Hg is used to
process it (Roulet and Lucotte, 1995; Silva-Filho et al., 2006; Grimaldi
et al., 2008; Balzino et al., 2015; Diringer et al., 2015).

Mercury contamination in Colombia due to artisanal gold extraction
has been recognized by various researchers and local authorities for over
a decade (INGEOMINAS, 1995; Veiga, 1997; Veiga, 2010; Olivero et al.,
2002; Marrugo-Negrete et al., 2008). Estimates by Telmer and Veiga
(2008) on annual Hg emissions due to artisanal gold mining in Colombia
for 2007 were calculated between 50 and 100 tons; however, given the
recent value and growing activity of artisanal gold mining, current Hg
must be much higher than that reported by 2007. Colombia is probably
the third country globally with highest source of Hg emissions due to
artisanal gold mining after China (240–650 tons of Hg/year) and
Indonesia (130–160 tons of Hg/year) (Telmer and Veiga, 2008). The
World Gold Council, 2011 established (UPME, 2014; Díaz-Arriaga, 2014)
that Colombia imports 101.3 tons/year and the volume used in gold
mining is of 75 tons/year; based on customs import registries by DIAN
reported by Legiscomex, between 2003 and 2013 the country imported
1020 tons of Hg (UPME, 2014), which represents an average of 102 tons
of Hg/year; however, it is possible that the figures have been
over-registered according to the requirement by the Delegate Superin-
tendence of Ports and Transportation (Superintendencia Delegada de
Puertos y Transportes) to Direcci�on Nacional de Impuestos y Aduanas
Nacionales DIAN (2013). Mercury exists in various forms, with elemental
(Hg0), inorganic (Hg2þ) and organic species, probably constituting the
chemical agent most potentially dangerous to man, given that it cannot
be decomposed or degraded into inoffensive substances (PENUMA,
2002).

The presence of heavy metals in soils that are product of cyanidation
and amalgamation tailings generated in gold exploitation, like pyrites
(Sulphur and iron), galena (lead) cadmium and arsenopyrites (arsenic)
are highly toxic. It has been established that inorganic as is a potent
human carcinogen (IARC, 2004) for the bladder, lungs, and skin, with
risks for the liver, kidneys, and prostate (Ardini et al., 2019). Its oral
ingestion through water causes various diseases, such as peripheral
vascular problems, hypertension, respiratory difficulties, neurological
disorders, hepatic diseases, and diabetes mellitus (IARC, 2004;
WHO/IPCS, 2001). The first effects of exposure to as by drinking
contaminated water includes changes in pigmentation and hyperkera-
tosis which, according to reports, appear after 5–10 years of exposure
(Rahaman et al., 2006a, 2006b), and in last instance causes health
2

effects. It can cause death due to its capacity to coagulate proteins, form
complexes with coenzymes, and inhibit production of adenosine
triphosphate in essential metabolic processes (Fowler et al., 2015).

1.3. Physical-chemical variables and water quality in hydric sources

In the high basin of the Cauca River, the Salvajina Reservoir, con-
structed on the basin of the Cauca River in the municipality of Su�arez,
Cauca, is an important source of hydroelectric power generation with a
capacity of 764,7 hm3; it is located at 1155 masl and its construction was
completed in 1985, with hydroelectric generation of 270 Mw. The me-
dium flow of the Cauca River in la Balsa station 27 km downstream from
the reservoir is 176.7 m3 s�1, and this source is the principal water supply
for the city of Cali with 2,5 million inhabitants. This condition makes
relevant this study of small-scale gold mining exploitation carried out
before the city of Cali on the eastern slope of the western cordillera of the
Salvajina Dam due to the artisanal gold mining activities carried out in
this area negatively affect the quality of the water.

Colombia is characterized for having a hydric potential greater than
other countries in South America and, even so, has problems of good
quality water availability in different regions of the country, especially
those heavily populated (Gualdr�on-Dur�an, 2016; Gonz�alez-M�arquez
et al., 2018). This is because production activities specially mining and
industry cause residual waters generates negative effects in quality of
surface water bodies (Ch�an-Santisteban and Pe~na, 2015), given that their
residues are environmentally dangerous and can persist over time after
the cessation of this activities (Johnson, 2003; Younger, 2004; Wright
and Ryan, 2016).

The variety in data on physical, chemical, and biological variables of
water quality permits using water quality indices that represent the
general quality of surface or groundwater during a given time; it in-
corporates data from multiple physical, chemical, and biological pa-
rameters into a mathematical equation, through which quality state of a
water body is evaluated (Yogendra and Puttaiah, 2008; Barakat et al.,
2016; Ewaid and Abed, 2017; Zeinalzadeh and Rezaei, 2017; Tripathi
and Singal, 2019) and permits determining the vulnerability of the body
of water against potential threats (Soni and Thomas, 2014). Initially,
such were proposed by Jacobs et al. (1965) and Brown et al. (1970); the
latter developed the Water quality index by the National Sanitation
Foundation (NSFWQI, or simply WQI (National Sanitation Foundation),
which evaluates nine parameters that include saturation percentage of
dissolved oxygen (DO), pH, total solids (TS), five-day biochemical oxy-
gen demand (BOD5), turbidity (TUR), total phosphate (PT), nitrate
(NO3), change of temperature (TEM), and fecal coliforms (FC); each has
an individual weight proportional to the impact and importance in the
model by the NSFWQI (Brown et al., 1970; Benouara et al., 2016; Noori
et al., 2018). From this, diverse studies have been conducted using
quality indices globally (Tripathi and Singal, 2019; Şener et al., 2017;
Tomas et al., 2017; Grey et al., 2014; Sierra, 2015). In this respect, quality
indices are instruments to transform large amounts of water-quality data
into a number, range, verbal description, or symbols which describes the
state of water quality (Torres et al., 2010; S�anchez et al., 2007; Bharti,
2011). Although specific contamination indices are also implemented to
evaluate one or more variables that permit specifying environmental
problems and delving into the contaminants that affect water (Ramírez
et al., 1997). Their use generates technical and reliable information that
contributes to managing hydric resources (Restrepo-Valencia, 2015;
Mosquera-Chaverra, 2016; Chavarro and G�elvez-Bernal, 2016). The
index that permits measuring contamination from gold mining is the
ICOMINERO, the variables selected are turbidity, total suspended solids,
and mercury. Mercury is a direct indicator of the impact of gold mining
(Restrepo-Valencia, 2015).

In Colombia, the department of Cauca is of great hydric importance,
given that it is part of the Colombian Massif; one of the principal sources
is the Cauca River (P�erez-Valbuena et al., 2015), which feeds La Salvajina
Reservoir constructed to produce hydroelectric power, control floods,
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transportation, recreation, and subsequently this water is used for irri-
gation and potable water. The department of Cauca also has various
anthropic activities among which there is gold mining (Defensoría del
Pueblo, 2015), an activity that contaminates the hydric resource through
introduction of heavy metals, like mercury, lead, arsenic, cadmium,
chromium and other chemical substances, like sodium cyanide, chlo-
rhydric acid, calcium oxide, and cement among others. These activities
associated with artisanal gold mining generate environmental distur-
bances due to the contaminants, which are spread in the environment
and results in air, soil, and water contamination problems (Li et al.,
2017). Mercury-based gold extraction processes that prevail in
small-scale mining using rudimentary technology that, although ensuring
relatively high gold recovery levels, cause environmental and health
problems (Jønsson et al., 2009). Using Hg to improve gold (Au) and silver
(Ag) recovery through amalgamation has resulted in generalized Hg
Figure 1. Location of sampling stations in the ru
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contamination of aquatic systems in many parts of the world (See Ap-
pendix B) (Alpers et al., 2016). This study evaluated the water quality of
the streams Dios Te D�e, Guayabilla, El Desquite, Tamboral, Piedra Im�an,
and Lorenzo, which are part of four microwatersheds where gold mining
activities are conducted (pitheads and operations), where small town-
ships are also associated that also drain into the streams, which then
reach La Salvajina Reservoir.

2. Materials and methods

2.1. Study area

This work studied the microwatersheds of La Lorenzo (La Chorrera),
Piedra Im�an, Tamboral, and Dios Te D�e Streams, located in the sub-
municipalities (veredas) of La Turbina, Miravalles, El Tamboral, and
ral zone of the municipality of Su�arez Cauca.

mailto:Image of Figure 1|tif
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Marav�elez de Mindal�a to the southeast of the municipality of Su�arez,
Cauca (Colombia). The study zones are at 2,186, 1,921, 1,659, and 1,794
m.a.s.l, respectively, and the terrain slopes range between 15� and 45�.
The Cauca River was studied with a sampling station after La Salvajina
Reservoir. The study area was defined for being the principals micro-
watersheds and geomorphological units in the sector influenced by
artisanal gold mining activities (Figure 1), this activity is considered one
of the most important in this zone of the municipality, exploitation of the
mineral (vein gold) takes place underground in artisanal manner and
with scarce technical level (CRC, 2006a).
2.2. Selection criteria

Sampling station selection (Figure 1) was based on field observations,
as well as the criteria of access and representation of the samples related
with pressures of use. For the Lorenzo Stream (La Chorrera), two sam-
pling stations were placed (L1 and L2); L1 was located on the construc-
tion of the water catchment infrastructure to supply the vereda of La
Turbina and the municipality of Su�arez, station L2 was located 50 m
before the stream flows into La Salvajina Reservoir.

Three sampling stations were selected for the Piedra Im�an Stream (I1,
I2 and I3); sampling stations I1 and I2 were located at a distance of 2.0
km and 1.3 km from the river mouth to La Salvajina Reservoir, where
station I3 was placed. The Tamboral Stream had four sampling stations
(T1, T2, T3 and T4); station T1 was located on the intake of the aqueduct
for the Tamboral vereda, downstream, at 1 km distance, T2 station was
established; due to the confluence with El Canelo Stream, it was neces-
sary to place station T3. Lastly, station T4 was located 50 m before the
river mouth to the La Salvajina Reservoir. Finally, five sampling stations
were defined for the Dios Te D�e Stream (D1, D2, D3, D4 and D5): D1 was
placed on the source of the Dios Te D�e Stream, station D2 was placed 3.2
km downstream from station D1; D3 was placed on La Guayabilla Stream,
D4 on the Desquite Stream, D5 where the three streams join to flow into
to La Salvajina Reservoir and, lastly, a sampling station was placed on the
Cauca River (C1) 200 m from the municipality's main bridge to compare
the values of the physical-chemical variables. Five operations were also
evaluated to know the pollutant load these contribute to the river system
in gold extraction processes.
2.3. Sample collection and data analysis

Three samplings were carried out, one in the month of May 2018,
October 2018 and May 2019, each in triplicate, these dates were selected
to facilitate sampling in times of little rain. The geographic coordinates of
the sampling locations are presented in Appendix D.

2.3.1. In-situ and laboratory analysis
The water samples were collected in triplicate and in sterilized

polypropylene jars with 1-L volume capacity, according with the guide
for collection of waste water samples of the Institute of Hydrology,
Meteorology and Environmental Studies in Colombia (IDEAM, 2007).
These were transported in thermoses with ice and brought to the GIQA
laboratory at University of Cauca to be stored (5 �C) until their analysis
(IDEAM, 2005; IDEAM, 2007). Parameters of dissolved oxygen (DO),
temperature (TEM), pH, electrical conductivity (EC), and turbidity (TUR)
were measured in situ with a previously calibrated multi-parametric
probe (HQ40d). For TUR, a portable turbidimeter (HACH 2100P) was
used. The Hg analysis was performed through atomic absorption spec-
trophotometry with the cold vapor technique for water in Thermo Sci-
entific equipment, series ICE 3000, for Hg vaporization system, VP 100,
at 253.7-nm wavelength. Sample treatment was conducted through
digestion with nitric acid, sulphuric acid, and potassium permanganate.
The methods used in this work are listed in Appendix C.
4

2.3.2. Calculation of quality indices and contamination indices
Data were compared individually and behavior patterns were

observed through a principal components analysis (PCA), using First
software V7.0. Additionally, these were integrated through the NSFWQI
(National Sanitation Foundation Water Quality Index), adapted for
Colombia (IDEAM, 2011). This consists in evaluating, through
physical-chemical parameters, the water quality of a surface current by
classifying quality into five categories, based on the measurements ob-
tained for a set of five variables. The variables used were DO, chemical
oxygen demand (COD), total suspended solids (TSS), electrical conduc-
tivity (EC), pH, and biological oxygen demand (BOD5) (Castro et al.,
2014; IDEAM, 2011). The data presented by the indices can be summa-
rized and not detailed information (Torres et al., 2010); hence,
contamination indices are implemented for specific physical and chem-
ical variables, which assign a value of quality (0–1), depending on the
concentration of the variables (Ramírez et al., 1997); among these, there
are the mineralization contamination index (ICOMI) expressed in con-
ductivity, hardness (T HARD), and alkalinity variables (ALKAL) (Ramírez
et al., 1997). The organic matter contamination index (ICOMO) included
the parameters of biological oxygen demand (BOD5), chemical oxygen
demand (COD), total coliforms (TC), and fecal coliforms (FC) (Ramírez
et al., 1997). The suspended solids contamination index (ICOSUS) was
determined through the concentration of suspended solids (Ramírez
et al., 1997). The pH contamination index (ICOpH) was determined
through the pH variable (Ramirez and Carde~nosa, 1999). Likewise,
others have been adapted, depending on the type of contaminant; one of
these, the gold mining contamination index (ICOMINERA), included the
turbidity, total suspended solids, and mercury (Hg) parameters proposed
by Restrepo-Valencia (2015) and used by several authors (Mosquer-
a-Chaverra, 2016; Abadía and Ossa, 2018) (Table 1, Eqs. (1), (2), (3), (4),
(5), and (6)).

3. Results

3.1. Analysis of physical-chemical variables

Table 2 presents the data obtained from the analysis of the physical-
chemical variables and includes a station outside the reservoir down-
stream located 200 m before the bridge to Su�arez on the Cauca River.
This station was taken to have a reference of how water comes out of the
reservoir. Water quality of the waterways studied (Figure 2) diminishes
in terms of the TSS and TUR variables, as the water runs its course.
Stations T3 and T4 obtained high TSS values (137.66 and 520.51 mg/L)
and TUR values (224.22 and 416.34 NTU) respectively. Station D2
registered a TSS concentration of 188.88 mg/L. In general, the values
obtained in the sampling stations L2, T4, I3, D5 are determined by the
presence of crops, dwellings, and operations where the material is pro-
cessed to obtain gold, which although not carrying out punctual dumping
do reach the hydric source through surface runoff. Station C1 obtained
values of 10.30 in TSS and 27.50 of TUR.

The pH value of the streams ranged between 7.51 for station (I3) and
8.47 units for station (T4) and for station C1 on the river it was 6.60 units,
similar to the reported by Sierra (2015) and Adewumi and Ayodeji
(2021) in streams affected by artisanal gold mining. Temperature values
registered in the hydric sources varied from 19.59 (T2) to 23.37 �C (L2),
the minimum values were obtained in sampling stations T1 and T2 on the
Tamboral Stream, while the maximum values were obtained in stations
D1 and D2 on the Dios Te D�e Stream. For station C1, temperature was at
20.10 �C similar to the reported by Martinez and Galera (2011);
Chapman (1996) and Adewumi and Ayodeji (2021). With respect to
conductivity, these vary between 62.12 μS cm�1 and 358.67 μS cm�1; the
maximum value was registered in station D2, where mining-type dis-
charges take place; in station C1, the value was 70.50 μS cm�1 similar to
values reported by Rold�an (2003); Sierra (2015); Ambarita et al. (2016)



Table 1. Formula to calculate water quality indices and contamination indices.

INDEX FORMULA REFERENCE

ICA IDEAM Eq. (1)
ICAnjt ¼ ðP

n

i¼1
Wi ⋅ IikjtÞ (IDEAM, 2011; Caho-Rodríguez and L�opez-Barrera, 2017; Castro et al., 2014)

ICOMO Eq. (2) 1
3
ðIOD þIDBO5 þITotal coliformsÞ (Ramírez et al., 1997; Valverde-Solís et al., 2015; Chavarro and G�elvez-Bernal, 2016;

Samboni et al., 2007; Martinez-Ortiz and Barrero-Arias, 2018; Mosquera-Chaverra, 2016)

ICOSUS Eq. (3)
�
� 0:02þ0:003 ⋅TSS

�mg
L

��
(Ramírez et al., 1997; Valverde-Solís et al., 2015; Chavarro and G�elvez-Bernal, 2016;
Samboni et al., 2007; Mosquera-Chaverra, 2016)

ICOMI Eq. (4) 1
3
ð IEC þIHardness þIAlkalinityÞ (Ramírez et al., 1997; Valverde-Solís et al., 2015; Chavarro and G�elvez-Bernal, 2016;

Samboni et al., 2007; Martinez-Ortiz and Barrero-Arias, 2018; Mosquera-Chaverra, 2016)

ICOMINERA Eq. (5) 1
3
ðITurbidity þITSS þIMercuryÞ (Restrepo-Valencia, 2015; Mosquera-Chaverra, 2016)

ICOpH Eq. (6) e�3:108þ3:45⋅pH

1þ e�31:08þ3:45⋅pH

(Ramirez and Carde~nosa, 1999; Samboni et al., 2007)

Table 2. Average values (n ¼ 3) of the physical-chemical variables evaluated in the 15 stations selected.

Stream Variables Stations pH TEM EC DO TUR CAUQ TSS BOD5 COD ALKAL T HARD TC FC Hg

(�C) (μS cm�1) (mg O2 L�1) (NTU) m3 s�1 (mg L�1) (mg O2 L�1) (mg O2 L�1) (mg CaCO3L�1) (mg CaCO3 L�1) NMP100 mL�1 (μg L�1)

Lorenzo L1 7.67 22.03 67.79 7.36 11.50 0.13 3.93 1.36 27.39 8.65 18.05

L2 7.68 23.37 72.15 7.37 16.60 0.12 6.40 4.07 41.64 8.61 21.56 37,860 617 0.155

T1 7.83 19.70 85.71 7.67 7.97 0.37 6.87 1.69 14.41 10.64 28.00

Tamboral T2 8.36 19.59 102.10 7.52 9.12 0.48 7.40 2.50 43.44 11.77 36.64

T3 8.10 21.02 123.36 7.59 224.22 0.22 137.66 2.72 65.66 11.31 40.99

T4 8.47 22.10 127.77 7.77 416.34 0.27 520.51 3.84 76.08 13.31 49.85 18,600 317 1.000

Piedra I1 8.05 21.43 62.12 7.67 29.87 0.46 14.86 1.10 20.46 5.86 8.22

Im�an I2 7.71 21.92 67.14 7.93 75.39 0.54 60.31 1.36 46.85 6.45 11.66

I3 7.51 22.20 89.34 7.51 132.76 0.23 75.40 2.12 59.81 7.71 19.99 28,130 617 0.234

D1 8.21 22.50 99.24 6.16 47.04 0.03 7.67 4.80 7.20 5.19 14.15

Dios Te D�e D2 8.36 22.46 358.67 7.52 62.16 0.06 188.88 4.73 13.09 17.00 146.19

D3 7.77 21.93 75.26 7.82 18.00 0.15 9.48 3.90 6.53 6.92 20.89

D4 7.98 22.03 117.84 7.81 18.89 0.12 20.06 2.23 11.99 9.99 28.17

D5 8.36 21.90 194.53 7.54 53.81 0.18 61.06 1.52 13.06 11.23 47.36 18,000 317 0.094

Cauca River C1 6.60 20.10 70.50 6.80 23.5 45.00 18.30 2.00 12.50 19.10 23.05 23,200 2,013 0.0025
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and Adewumi and Ayodeji (2021). The total hardness obtained in the
streams was in a range from 8.22 mg CaCO3 L�1 (I1) to 146.19 mg CaCO3
L�1 (D2) and for the river, station C1 was at 23.05 mg CaCO3 L�1similar
to the reported by Neira (2006) and Martinez-Ortiz and Barrero-Arias
(2018).

Some physical-chemical variables, like DO, BOD5, and COD behaved
similarly in all the streams; the saturation percentage of DO was in all
cases >100%, which indicates that these waters are oversaturated
naturally, analogous to the reported by Effendi et al. (2015); Saksena
et al. (2008) andMiyittah et al. (2020) also expressed in low BOD5 values
in all the sampling points and only in L2, D1, and D2 exceed 4 mg L�1 of
demand because, close to these stations, there is greater concentration of
dwellings and higher number of gold mining workers (Chapman, 1996;
Gualdr�on-Dur�an, 2016). The COD evidenced a correlation with respect to
BOD5, which indicates that the greatest part of the organic material is not
biodegradable and is associated with the Tamboral and Piedra Im�an
microwatersheds (Mosquera-Chaverra, 2016; Barakat et al., 2016). The
ALKAL values obtained in the streams varied between 5.19 mg CaCO3
Figure 2. Classification of ICOs contamination index: (ICOpH, ICOSUS, ICOMO,
ICOMI, ICOMINERA).
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L�1 (D1) and 17.00 mg CaCO3 L�1 (Cheremisinoff, 2002); the maximum
value was reached in sampling station D2. The ALKAL values in the
Piedra Im�an (I1, I2, I3), Lorenzo (L1, L2), and Tamboral (T1, T2, T3, T4)
streams showed a growing trend downstream toward the flow into the
reservoir and the highest value was that in station C1 with 19.10 mg
CaCO3 L�1. Figure 3 shows a consolidation of the concentrations of the
DO, TSS, BOD5, COD, ALKAL, and T HARD variables, noting that in
sampling stations T4, D2, and T3, the TSS contribution is high, as well as
T HARD and COD due to the influence of the entables in these sampling
stations where mud, sand from the rocky material with pyrite content,
arsenopyrite, galena, chromite among others is generated; product of the
milling and washing process in the barrels. This process generates a high
turbidity when the discharge reaches the streams as observed in Figure 4
where in the station I3, T3 and T4 they exceed the values of 100, 200 and
400 (NTU) respectively (Sun et al., 2016; Zhen, 2010; Miyittah et al.,
2020).

Figure 5 displays the graphics of the variables: pH, temperature,
turbidity, electrical conductivity, Hg concentration, fecal and total co-
liforms, and volumes of the streams and the Cauca River.

The Hg concentration was monitored in stations L2, I3, T4, and D5,
which are of closure of each microwatershed before entering La Salvajina
Reservoir and which gathers the impacts of the gold processing plants
that include Hg in their extraction process. The minimum value obtained
was 0.094 μg L�1 in sampling station D5, while the maximum was 1,000
μg L�1 in sampling station T4 much higher than reported by Silva et al.
(2020) and Gyamfi et al. (2021). In L2, no mining activities take place,
however, cross-contamination has been observed by the miners who
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Figure 3. Concentration consolidation of DO, BOD5, COD (mg O2 L �1) TSS (mg L �1) ALKAL, and T HARD (mg CaCO3 L�1) in streams and the Cauca River.
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carry out personal cleaning of clothing and equipment. For station C1, Hg
concentration was 0.0025 μg L�1 and this is located after the reservoir on
the basin of the Cauca River. For TC and FC, the study followed the
criterion of selecting closure stations of microwatershed, where it is
observed that the FC concentration was low compared with TC in all the
streams (Gualdr�on-Dur�an, 2016). In station C1 there is a significant in-
crease in the FC value of 2013 and the TC value was 23200, that ac-
cording to WHO this values must be zero. The volumes of the streams are
minimum compared with those of the Cauca River.
3.2. Principal components analysis

With respect to the PCA, Figure 6, Table 3 permits observing that the
first component explains 40% of the variance, associated mainly with the
mining activity of trituration and evacuation of SS that modify the ionic
characteristics of the water column, expressed in changes of conductivity,
alkalinity, and pH. These variables were more important in stations D2
and T4. Inversely, a group is noted forming stations L1 and L2 (Lorenzo
microwatershed), which together with I1, T1, and D1, may be considered
as control with respect to artisanal tailing activities. The second
component explains 20.3% of the variance and relates the TUR variables
of the water and COD, expressing aspects of contamination associated
with the extraction process of rocky material, which is of inorganic na-
ture with presence of metals (Bansah et al., 2016). Component 3 (17.9%
of the variance) is associated with a variation in temperature, which is
expressed by the differences in the altitude of the sampling stations;
secondly, BOD5 appears as a relevant variable and which is possibly
associated with the impacts on the populations generated around the
mining activity and which have no treatment systems of the wastewaters
that accumulated in the pond, once clogged, overflow to the fluvial
systems.
3.3. Water contamination indices

Regarding the water contamination indices, the results obtained by
Noori et al. (2018); Chavarro and G�elvez-Bernal. (2016) and this study
after applying the ICA IDEAM show their effect with diminished water
quality in descending sense of the water course toward the reservoir. The
6

lowest values occurred in stations T3, T4, I3 with regular values of (0,63),
(0,55), and (0,69), respectively, for an average of 0,62 units. For the
Lorenzo and Dios Te D�e streams, the value of the water quality index
varied from 0.73 (D2) to 0,92 (D3) (acceptable and good), respectively.
For station C1, the value was 0,77 acceptable (Figure 7). The categories
and classification of the water quality of surface currents, according with
the ICA IDEAM, are related with a color as alert signal and are shown in
Figure 8.

For the ICOSUS contamination index through TSS, the highest values
were 1,00 (very high) and 0,64 (high) and occurred in stations T4 and
D2, respectively. For station C1, it was 0,03 (none). The Organic Matter
Contamination Index, ICOMO, was only evaluated in four stations of the
streams and station C1 on the Cauca River and the values were medium
class T4 (0,45), I3 (0,41), and L2 (0,45), while D5 (0,31) and C1 (0,39)
had low contamination. The ICOMI Contamination Index (alkalinity,
hardness, and conductivity) show, in general, low degree of contamina-
tion, except for station D2 (0,67) with (high) degree of contamination.
With respect to the ICOMINERA, analogous to the reported by Ramírez
et al. (1997) the results reflect, according to the scale (none) contami-
nation in station C1 (0,12) due to the dilution factor because of the river's
high volume. Station L2 (0,10) also had lowmining activities; the same is
observed for station D5 (0,18), where the mining processes take place in
the highest part. Station I3 shows a medium degree of contamination
with 0,43, while the highest degree of contamination was found in
sampling station T4 (0,69), which reveals the effect of discharges from
pitheads and operations in the zone (Table 2). The results obtained are
interpreted according to Figure 2 and the results are shown in Figure 7.
3.4. Analysis of the physical-chemical variables of the operations

Table 4 shows the registries of the physical-chemical variables
analyzed in two operations in the Marav�elez vereda and three in El
Tamboral vereda. Figure 4 shows the location of the sampling stations for
the operations. The pH value of the stations for the operations ranged
between 7,78 and 8,45 units in the inputs, Figure 9 (A), and 8,33 to 8,62
in the outputs, Figure 9 (B). The TEM values varied within a range from
20,4–22.1 �C in the inputs, Figure 9 (C) and 21,8 to 23,6 �C in the out-
puts, Figure 9 (D). This shows low variability of these variables among
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Figure 4. Sampling stations of the operations.
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inputs and outputs. Nevertheless, clear differences are observed in the
variables COND (76,1–127,9 μS cm�1 in the inputs, Figure 9 (E), and
128,1 – 337,4 μS cm�1 in the outputs, Figure 9 (F), DO (7,03–7,54 mg O2
L�1 in the inputs and 0,79–7,04 mg O2 L�1 for the outputs); TUR
(12.7–51.2 NTU in the inputs and 122.67–29,216.3 in the outputs); TSS
(7.3–72.3 mg L�1 for the inputs and 1,292.0–23,565.4 mg L�1 in the
outputs); Figure 9 (G), (H) show the graphics corresponding to DO, TSS,
and TUR of inputs and outputs of the operations, respectively. For Hg
(0,054 to 0,325 μg L�1 for inputs and 0,508 μg L�1 to 10,265 μg L�1 in
outputs, Figure 9 (I).

4. Discussion

Water quality from the point of view of physical-chemical variables
requires long-term monitoring that permits a vision of the annual and
inter-annual seasonal behavior, nevertheless, a comparative vision with
respect to sections or river sectors that are being impacted by some an-
thropic activity versus sectors not intervened can be a good tool to
evaluate environmental effects as long as the reference zone is upriver
from the focal point of contaminant emission. This study conducted a
comparative approximation to assess the effects of artisanal gold mining,
but which in functional terms have no differences in the gold extraction
7

process, which includes the very mining activity; extraction, trituration,
grinding, and amalgamation through mercury, washing of gold via
gravimetry, while the sediments are evacuated to the streams and then
onto the Cauca River.

The physical-chemical results show that sampling stations T1, T2, I1,
and I2 were characterized for having acceptable water quality
(Figure 7), are oxygenated and with pH close to neutral, except for
station C1 on the basin of the Cauca River downstream after the
reservoir, where pH is <7. Sampling stations T3, T4, and I3 were
characterized as low quality waters (Figures 7 and 8) due to the influ-
ence of anthropic activities that contribute total suspended solids,
turbidity, Hg, and other metals, which affect significantly the waters
flowing into La Salvajina Reservoir.

pH is a measure of the hydrogen ion concentration in water; it is
used to express the intensity of the acidic or alkaline condition of a
solution, and is highly significant in all chemical reactions associated
with the formation, alteration, and dissolution of minerals; with this
being an essential characteristic, besides indicating total acidity or
alkalinity. Variability of these values from one sector to another may
have been influenced by different factors, like type of basin, order of the
basin, the geological characteristics of the basing and mineral richness
this has, which alters the hydrogen potential present in the water
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Figure 5. Graphics showing values of the physical-chemical, microbiological, and volume variables of the sampling stations on the streams and Cauca River with
presence of artisanal gold mining. (A) Turbidity values (NTU), (B) Temperature values (�C), (C) pH value, (D) electrical conductivity value (μS cm �1), (E) Hg
concentration value (mg L�1), (F) TC and FC values (mg L�1), (G) Flows of the streams and Cauca River (m3 s�1).
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(P�erez, 2016). Biological activity, like photosynthesis and respiration
and physical phenomena, like induced turbulence and concomitant
aeration influence pH regulation through their respective abilities to
decrease or increase dissolved carbon dioxide concentrations (Werner
and James, 1981).
8

According with resolution 2115 of 2007 (MADS, 2007), by means of
which characteristics, basic instruments and frequencies of the control
and surveillance system for the quality of water for human consumption
are indicated, the results obtained were within the recommended range
from 6,5 to 9,0 units, acceptable for human consumption; likewise, water
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Figure 6. Principal components analysis.
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is considered suitable for the existence of aquatic life by being in the
range from 5,0 to 9,0 units. Stability regarding this parameter in the
systemwas due mainly to the good buffer capacity given by the alkalinity
and a good recovery level of the system without drastic pH variations
(Mamian and Zamora, 2016).

Temperature is one of the most significant variables in the bodies of
water, it serves as indicator of the system's ecological stability. Variations
in this parameter generate change in the development environment of
fauna and flora present in the bodies of water, increasing the toxic po-
tential of certain dissolved substances (Gualdr�on-Dur�an, 2016). Electrical
conductivity measures the total amount of ions present in water and,
hence, is related with salinity. It indicates the water's capacity to transfer
an electrical current, which increases principally with ion content (dis-
solved solids) and temperature (Rold�an, 2003). Results in the study area
showed that conductivity levels vary between 62.12 μS/cm �1 in station
(I1) and 358.67 μS cm�1 in station (D2); the maximum value was
registered in station D2 due to mining-type discharges product of
grinding in the operations and amalgamation of the material that
contribute large amounts of salts, total suspended solids, metals, and
minerals. The maximum acceptable value for conductivity can be up to 1,
000 μS cm�1, the values obtained in this study are below the value
established (Ministry of Social Protection, Decree 1575 of 2007). Con-
ductivity may be considered an estimation of the ionic force of a saline
solution; the ionic composition of salt mixtures affects its toxicity (Mount
et al., 1993). Thereby, a measurement like conductivity is necessary
because the effects of the salts are the result of the magnitude of exposure
and relative proportion of all the ions in the mix. The reference value of
chronic aquatic life for conductivity derived from data in West Virginia is
300 μS cm�1 (EPA, 2011).

Some physical-chemical variables, like dissolved oxygen, BOD5, and
COD behaved similarly in all the streams. Dissolved oxygen is one of the
most important parameters in assessing water quality, its presence is
essential to maintain aquatic life and its low availability limits the self-
purifying capacity of the hydric sources (Saksena et al., 2008); the
saturation percentage of dissolved oxygen was in all cases >100%,
indicating that these waters are oversaturated due to rapid aeration of the
large slopes of the streams that influence on the terrain's morphology,
generating constant water falls that provoke turbulence and increase of
this parameter. Likewise, its waters were characterized for being shallow,
which facilitates contact with the atmosphere, temperature changes, and
photosynthesis – factors that contribute to oversaturation (Fondriest,
2015).

The BOD5 is an indicator of the amount of oxygen required by
bacteria during stabilization of organic matter susceptible to decom-
position under aerobic conditions (Martínez et al., 2013). Sampling
stations L2, D1, and D2 had the highest BOD5 values due to the
location of some sources of moderate contamination in the study zone;
9

however, the BOD5 values reported in all the sampling stations did not
exceed 5 mg O2 L�1, which indicates that these are waters with low
levels of contamination through biodegradable organic matter
(Chapman, 1996).

The chemical oxygen demand (COD) determines the amount of oxy-
gen required to oxidize organic matter in a water sample, low conditions
specific of oxidizing agent, temperature, and time (IDEAM, 2007). The
COD concentrations showed increasing trend and no evidence of a cor-
relation with respect to BOD5, indicating that most of the organic ma-
terial is not biodegradable, this is because many organic compounds
oxidizable by dichromate are not biologically oxidizable (Barakat et al.,
2016); likewise, certain inorganic compounds, like sulphurs, nitrites,
ferrous iron, and thiosulfates are oxidized by dichromate, which could
have introduced an inorganic COD in the result (Romero, 2004). It is
indicated that the majority of COD is due to the matter present in the
bodies of water and is not biodegradable, in certain cases, related with
the region's geology with prevalence of rocks with diversity of metals
from pyrite, arsenopyrite, and galena.

Alkalinity is defined as the capacity to neutralize acids; this parameter
in most natural aquifers is caused by dissolved bicarbonate salts, formed
by the CO action on base materials (Cheremisinoff, 2002). The Alkalinity
values obtained in the streams varied between 5,19 mg CaCO3 L�1 and
17,00 mg CaCO3 L�1; the maximum value was reached in sampling sta-
tion D2, given that this section is the recipient of mining discharges that
contribute dissolved rock and runoff waters with contents of sulphurs,
sulphates, carbonates, and salts (CRC, 2006b). The alkalinity values in
the Piedra Im�an, Lorenzo, and Dios Te D�e streams showed growing trend
due to wear and dissolution of rocks that contribute cations (Mudd,
2007). According to (Kevern, 1989), the alkalinity in these waters is
classified as low with values below 75,0 mg CaCO3 L�1. The values re-
ported herein coincide with the observations made by Mamian and
Zamora (2016), given that – in general – the total alkalinity present in the
study area has good buffer capacity that avoids drastic variations in water
pH.

The total hardness of the water in the streams corresponds to the sum
of polyvalent cations expressed as the equivalent amount of calcium
carbonate of which the most common are those of calcium and magne-
sium and is related with pH and alkalinity (Mosquera-Chaverra, 2016).
The total hardness obtained in the streams ranged from 8,22 mg CaCO3
L�1 to 146,19 mg CaCO3 L�1. For station C1, the value was 23,05 mg
CaCO3 L�1; the maximum value was obtained in sampling station D2 due
to alkaline earthmetals in water, fundamentally calcium andmagnesium,
from the dissolution of rocks and minerals from the material left over
from the grinding process in the mines. In general, the concentrations
registered in the other sampling stations indicate they were mostly
product of the contact with geological formations (Neira, 2006). Ac-
cording to the World Health Organization (WHO), water from the
streams and in this section of the Cauca River station C1, except for
sampling station D2, is considered soft, given that they have concentra-
tions below 60 mg CaCO3 L�1 (Martinez-Ortiz and Barrero-Arias, 2018);
station D2 is reported as moderately hard water because it is within the
range from 100 to 200 mg CaCO3 L�1.

Total coliforms are an indicator of possible changes in the water's
biological location, indicating that the body of water has been contam-
inated with organic matter of fecal origin, both animal and human
(Gualdr�on-Dur�an, 2016). This parameter was monitored only in stations
L2, I3, T4, D5, and C1. According with results obtained, the concentra-
tion of fecal coliforms was low compared with the total coliforms in all
the streams. For station C1, the FC concentration was 2013, contribution
due to household wastewaters from the municipality of Su�arez. For the
streams, it is inferred that the majority of coliforms is generated by
vegetation and soil, but not by excrements from humans and
warm-blooded animals (Tetzaguic, 2003).

According to Figures 5 and 7, it is established that mainly in the El
Tamboral area, the parameters most affected are TSS and TUR, the high
levels of TSS, TUR prevail; this is due to the fact that in these areas the
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Table 3. Principal components analysis.

PC1 PC2 PC3

Variation (%) 39.7 20.3 17.9

Cumulative Variation (%) 39.7 60.1 77.9

pH 0.43 -0.21 0.13

Temperature 0.14 0.15 -0.78

Cnd 0.51 -0.32 0.02

Turbidity 0.40 0.54 -0.06

BOD5 0.32 -0.17 -0.45

COD 0.23 0.69 0.25

Alkalinity 0.47 -0.20 0.32

Figure 7. ICA IDEAM water quality index and ICOs contamination indices: (ICOpH, ICOSUS, ICOMO, ICOMI, ICOMINERA).

Figure 8. Classification of ICA-IDEAM quality indices.

J.A. Gallo Corredor et al. Heliyon 7 (2021) e07047
rock crushing, milling and washing processes take place, which contain
high contents of pyrite, chromite and galena, which increase the levels of
these parameters, reducing the quality of the water, exceeding the
permitted levels in surface water according to Colombian standards (<50
mg L�1) (MADS, 2015) (Vargas, 2012).

Mercury is an environmental contaminant of great concern globally;
it is highly toxic to wildlife and humans, given that some of its organic
forms, like methylmercury can biomagnify in trophic chains (Oliveira
et al., 2018). The Hg concentration was monitored in stations L2, I3, T4,
D5, and C1 due to the presence of gold beneficiation plants that incor-
porate Hg in their extraction process and discharge directly onto the
Table 4. Physical-chemical parameters evaluated in the operations (input; o: output;

STATIONS Longitude Latitude masl pH

m

Amargado (Input) ET1input 76�43028,15700W 2�55022,82200N 1180 8.45

Cooperativa (Input) ET2input 76�43024,6800W 2�55021,70800N 1177 8.45

Ronal (Input) ET3input 76�43018,37700W 2�55019,49800N 1040 8.23

Arley (Input) EM2input 76�43039,97100W 2�54054,20500N 1492 7.90

Hugo (Input) EM3input 76�43027,68200W 2�54053,35900N 1349 7.78

Amargado (Output) ET1output 76�43028,15700W 2�55022,82200N 1180 8.44

Cooperativa (Output) ET2output 76�43024,6800W 2�55022,82200N 1177 8.62

Ronal (Output) ET3output 76�43018,37700W 2�55021,70800N 1040 8.54

Arley (Output) EM2output 76�43039,97100W 2�55019,49800N 1492 8.33

Hugo (Output) EM3output 76�43027,68200W 2�54054,20500N 1349 8.52
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hydric sources. The minimum value obtained was 0,094 μg L�1 in sam-
pling station D5; the maximum value was 1,000 μg L�1 in sampling
station T4. The Hg concentration in these streams was expected higher
due to the presence of gold beneficiation plants that use the metal for
gold recovery; nevertheless, it must be considered that it is an element
that adheres easily to the soil's humus layer in the sediments (L�opez,
2006). According to García-G�omez (2013), concentrations in the water
medium tend to be lower than those found in sediments, or in species of
fauna and flora present in the bodies of water. The Hg concentration in
station C1 of the Cauca River was 0,003 μg L�1, a value above the
Colombian standard of 0,002 μg L�1. If this is related with the volumes
average values for n ¼ 3 T: Tamboral, M: Maravelez).

TEM EC DO TUR TSS Hg CAU

(�C) (μS cm�1) (mg O2 L�1) (NTU) (mg L�1) (μg L�1) m3 s�1

21.5 108.7 7.54 51.2 67.8 0.305 1.327

20.4 118.0 7.03 50.8 72.3 0.309 0.732

20.7 127.9 7.34 50.4 71.0 0.325 1.152

22.1 126.3 7.39 15.8 7.3 0.060 1.255

20.8 76.1 7.41 12.7 7.4 0.054 1.293

21.8 128.1 6.94 5331.7 5145.0 4.338 1.480

22.6 150.6 7.04 21591.7 6623.9 0.881 2.917

22.4 156.2 4.99 29216.3 23565.4 10.265 1.882

22.0 337.4 0.94 122.0 1292.0 1.663 1.446

23.6 191.4 0.79 168.9 2114.7 0.508 1.603
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Figure 9. Graphics showing values of physical-chemical variables of the wastewaters from operations where gold is obtained in inputs and outputs. (A) pH, (B)
Temperature, (C) Hg concentration, (D) DO (mg O2 L�1), (E) EC, (F) TUR, (G) TSS.
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contributed by the Cauca River (Figure 5 (G)), the dilution factor is high
compared with stream volumes. It can be observed that Hg is detected
after the reservoir. Mercury concentrations are high in the outputs of the
bodies of water of the operations, with values ranging between EM3 0,
508 and ET3 10,265 μg L�1. These Hg concentrations are spilled onto the
streams and then reach the reservoir.

Due to the high concentrations of mercury present in the stations
analyzed in this study, the quality of the water is negatively affected,
therefore it is necessary to make certain recommendations in order to
reduce or completely eliminate the use of this metal during the perfor-
mance of mining activities. According to the WHO, it is recommended to
suspend practices such as mineral amalgamation, heating amalgam
without a system that traps mercury vapors or a crucible, and cyanide
treatment of mercury-contaminated slag. In order to reduce mercury
emissions and exposure, alternatives such as the gravity method, direct
smelting, and chemical filtration can be used without risk (UNEP, 2008;
2012).

Regarding the general quality of the water, the ICOMO indicators
express regular and good values in the study area, however, according to
Eq. (2), these values depend on three parameters, which are, the% of
oxygen, the demand biochemistry of oxygen and total coliform content;
Despite having a high content of total coliforms, the low oxygen satu-
ration due to the slope of the study area causes the results of this indicator
to be shown as good or fair.

A more precise measure to demonstrate the negative effect caused by
artisanal mining in the study area, are the ICOSUS and ICOMINERA in-
dicators, these indicators show the negative effect caused by the number
of establishments near the study areas T4 and D2, where high TSS levels
are the main factor in poor water quality.

5. Conclusions

Through quality and contamination indices, it was possible to identify
that the principal contributor to contamination in the Lorenzo Stream
comes from household wastewaters; additionally, Hg presence was
identified, although in the stream's area of influence there is no gold
mining. For the Dios Te D�e Stream, the principal affection is due to the
contribution of wastewaters by gold mining activities that introduce high
loads of solids, metals; besides, household wastewaters also impact upon
the quality obtained.

The physical-chemical results show that sampling stations T1, T2, I1,
and I2 were characterized for having good water quality, with oxygen-
ated waters and pH close to neutral; while sampling stations T3, T4, and
I3 were characterized as low quality waters due to the influence of an-
thropic activities that provide total suspended solids and turbidity, which
affect significantly the waters that flow into La Salvajina Reservoir.

It was determined that the most-developed anthropic activities in the
study zones (Piedra Im�an Stream) were agriculture and gold mining,
while in the Tamboral and Dios Te D�e streams the gold mining activity
prevailed, exerting strong pressure on the quality of the hydric resource,
especially in the middle and low parts of the streams.

The contamination contribution into the Cauca River due to Hg is
generated by operations in the amalgamation process to obtain gold, as
well as the TSS, TUR, and conductivity in the grinding processes (Table 4).

The sources of contamination found in the streams studied and
through field observation, occur as a consequence of artisanal gold
mining activities, mainly in the operations and rocky material extracted
from the pitheads and spilled into the streams. This requires strategic
interventions by the communities, miners, operation owners, and control
organisms to minimize the negative impacts on the hydric resource and
ecosystemic services associated with this resource, where it was possible
to observe:

1. Inadequate manipulation of cyanide (for its use and elimination or
deactivation).
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2. The amalgamation process of all the mineral in the barrels and
washing generates increased loss of Hg in the tailings which go to the
hydric sources.

3. Cyanide is used to extract residual gold from tails contaminated with
Hg in some operations.

4. Elimination of tailings with Hg, other heavy metals (Cr, Cd, As, Pb),
and cyanide in the receptor environment (water, soil, and air).

5. Decomposition of Hg amalgams takes place with no recovery method
or filtering systems. In most cases, it is done with direct incineration.
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